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Food ﬂuids are frequently processed in plate heat exchangers
(PHEs) and usually behave as non-Newtonian ﬂuids, this behaviour
being scarcely considered for PHEs design purposes (Rene et al.,
1991; Kim et al., 1999). Moreover, many food ﬂuids (milk and
milky desserts, fruit and vegetable juices, meat sauces, concen-
trates, etc.) processed in PHEs have a high viscosity and, therefore,
data obtained in laminar ﬂow regime is useful to practical applica-
tions (Rene et al., 1991; Metwally andManglik, 2000, 2002; Leuliet
et al., 1987, 1988).
The rheology of numerous food ﬂuids (Steffe, 1996) can be de-
scribed by a relation of the power-law type:
g ¼ g0 _cn1; ð1Þ
_c representing the shear rate, g0 the consistency index, n the ﬂow
index behaviour and g the apparent viscosity.
The heat exchange to stirred yogurt (n = 0.42) in a short length
chevron-type plate heat exchanger was numerically studied by
Fernandes et al. (2005, 2006). The PHE had an area enlargement
factor, /, close to 1.1, a corrugation angle, b, of 30 and an inter-
plates distance (Fig. 1), b, of 2.6 mm. A good agreement was found
between the numerical thermal data (Fernandes et al., 2005, 2006;ll rights reserved.
x: +351 273 313 051.Maia et al., 2007) and the experimental data from Afonso et al.
(2003) for stirred yoghurt.
The thermal correlations – including important entry effects –
developed by Fernandes et al. (2006) were based on apparent vis-
cosity. The thermal or hydraulic correlations including apparent
viscosity are of limited utility since this viscosity is difﬁcult to pre-
dict, due to the geometrical complexity of the PHEs passages and,
therefore, due to the complex behaviour of the shear rate.
One way of solving the referred limitation is to use a general-
ised viscosity. From the works of Metzner and Reed (1955) and
Kozicki et al. (1966) it follows that the generalised viscosity, gg,
for the ﬂow of power-law ﬂuids in ducts of arbitrary cross-section
can be deﬁned as (Delplace and Leuliet, 1995; Gut and Pinto, 2003;
Carezzato et al., 2007):
gg ¼ g0
K
2
 n1 u
DH
 n1
gnðnÞ; ð2Þ
where u is the mean velocity, DH the hydraulic diameter, g(n) a
hyperbolic function of n and K a geometrical parameter given by
the product of the Fanning friction factor, f, and the Reynolds
number, Reg, for a Newtonian ﬂuid under laminar ﬂow conditions
(Metzner and Reed, 1955; Delplace and Leuliet, 1995):
fReg ¼ K: ð3Þ
Reg can be calculated by:
Reg ¼ quDHgg
; ð4Þ
Nomenclature
a geometrical parameter (–)
c geometrical parameter (–)
K coefﬁcient of fReg expression (–)
K0 shape factor (–)
B inter-plates distance (m)
DH hydraulic diameter (m)
f Fanning friction factor (–)
g(n) hyperbolic function of n (–)
L plate length (m)
Mv volumetric ﬂow rate (m3 s1)
n ﬂow index behaviour (–)
px corrugation pitch on the main ﬂow direction (m)
Reg generalised Reynolds number (–)
u mean velocity (m s1)
ui average interstitial velocity (ms1)
w width of the channel (m)
x, y, z cartesian coordinates (m)
x* normalized length (–)
Greek symbols
a geometrical parameter (–)
b corrugation angle ()
DP pressure drop (Pa)
/ area enlargement factor (–)
c channel aspect ratio on the main ﬂow direction (–)
_c shear rate (s1)
g apparent ﬂuid viscosity (Pas)
gg generalised ﬂuid viscosity (Pas)
g0 consistency index (Pasn)
q ﬂuid density (kgm3)
s tortuosity (–)
442 C.S. Fernandes et al. / Journal of Food Engineering 89 (2008) 441–447where q is the ﬂuid density and DH the hydraulic diameter:
DH ¼ 4 channel flow areawetted surface ﬃ
2b
/
: ð5Þ
The mean velocity, u, is given by:
u ¼ Mv
wb
; ð6Þ
where Mv is the volumetric ﬂow rate and w the channel width.
The Fanning friction factor can be estimated by:
f ¼ DPDH
2Lqu2
; ð7Þ
with DP the pressure drop and L the length of the channel.
Kozicki et al. (1966) studied the ﬂow of power-law ﬂuids in
straight ducts of arbitrary but uniform cross-section area along
the ﬂow direction and proposed the following relation for g(n):
gðnÞ ¼ a1
n
þ c; ð8Þ
a and c being geometrical parameters of the duct. For the same type
of ducts, Delplace and Leuliet (1995) related a and c with K, reduc-
ing to one the number of geometrical parameters involved in Eq.
(2).
PHE passages containing cross-corrugated chevron-type plates
are much more complex than the ducts studied by Kozicki et al.
(1966) due to the presence of a series of expansions and contrac-
tions (Edwards et al., 1974). As a result of this complexity, EdwardsFig. 1. Unitary cell for b = 55.et al. (1974) and Charre et al. (2002) analysed the performance of
chevron-type PHEs making use of the theory developed for granu-
lar beds (Broniarz-Press et al., 2007; Chhabra et al., 2001; Dias et
al., 2006, 2007, 2008).
Delplace and Leuliet (1995) explored the applicability of Eq. (8)
to the area of PHEs but suggested that due to the complexity of the
passages of these equipments the best way of deﬁning a hyperbolic
function g(n) is to measure the pressure drop and ﬂow rates under
laminar isothermal conditions with different shear-thinning ﬂuids,
i.e., different values of n, as it was performed in previous works
(Rene et al., 1991). As a result of this empirical methodology, Rene
et al. (1991) proposed the following expression for g(n):
gðnÞ ¼ 2
3
þ 1=3
n
 
1
n
 a=n
: ð9Þ
In Eq. (9) the geometrical parameter a assumed a value of 0.3 and
0.1 for PHEs containing chevron-type plates with b = 30 and a
washboard plates, respectively (Rene et al., 1991). Eq. (9) allowed
establishing, for each PHE, a single friction curve equation (Eq.
(3)) for both Newtonian and shear-thinning ﬂuids (Delplace and
Leuliet, 1995; Rene et al., 1991). It is important to note that this
methodology, developed under isothermal conditions, can be used
successfully in non-isothermal situations (Delplace and Leuliet,
1995; Leuliet et al., 1987, 1988).
Fernandes et al. (2007) studied the relation between the geo-
metrical properties of the chevron-type PHEs plates and the coefﬁ-
cient K, for Newtonian ﬂows under laminar regime and developed
the relation:
K ¼ 1þ 0:5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
sinðbÞ
 c
 1
s
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
s
0
BBB@
1
CCCA
2
 16 90
b
 0:65540:0929c
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
K0
; ð10Þ
c being the channel aspect ratio in the main ﬂow direction:
c ¼ 2b
px
; ð11Þ
where px is the pitch in the main ﬂow direction (Fig. 1). In Eq. (10), s
and K0 represent the tortuosity coefﬁcient and shape factor,
respectively.
Wanniarachchi et al. (1995) proposed the following experimen-
tal correlation to predict coefﬁcient K for laminar Newtonian ﬂows
in chevron-type PHEs:
K ¼ 1774=b1:026: ð12Þ
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is possible to conclude that in PHE passages the laminar ﬂow ends
for Reynolds numbers (critical Reynolds number) located in the
range 10–100 and that the critical Reynolds number decreases with
the decrease of b.
PHEs manufacturers (Ayub, 2003) recommend the data (coefﬁ-
cient K) from Kumar (1984) as a ﬁrst approximation and the data
from Wanniarachchi et al. (1995) (Eq. (12)) for elaborate
calculations.
Fernandes et al. (2007) found a good agreement between their
numerical data (Eq. (10)) and the data from Wanniarachchi et al.
(1995) (Eq. (12)) for common values of c and b. Therefore, the
numerical model used in the present work have shown to be reli-
able in order to predict the heat transfer to a non-Newtonian ﬂuid
– n = 0.42 – (Fernandes et al., 2005, 2006) and Fanning friction fac-
tors of Newtonian ﬂuids (Fernandes et al., 2007), under laminar
regime.
The aim of the present work is to study fully developed laminar
ﬂows of power-law ﬂuids (n = 0.25, 0.33, 0.5, 0.67, 0.88, 0.95 and 1)
in chevron-type PHEs passages, containing plates with an area
enlargement factor of 1.17, a value commonly used for these type
of plate heat exchangers (García-Cascales et al., 2007; Kumar,
1984; Martin, 1996). The different channels had an inter-plates
distance of 2.5 mm and the corrugation angle varied between
31 and 60 (31, 35, 40, 45, 50, 55 and 60) since b is typically
located between 22 and 65 (Palm and Claesson, 2006; Ayub,
2003; Kakaç and Liu, 2002). The geometrical properties of the stud-
ied plates are presented in Table 1, this geometric properties being
different from previous ones (Fernandes et al., 2005, 2006; Fernan-
des et al., 2007). A generalised Reynolds number is developed by
extending an empirical methodology (Eq. (9)) from Rene et al.
(1991) (found for b = 30) to the PHEs studied in the present work,
simple fReg = K correlations being proposed. In a previous study
(Fernandes et al., 2007) with Newtonian ﬂuids it was shown that
the tortuosity coefﬁcient plays an important role on the PHEs
hydraulic performance. Due to this, the inﬂuence of n on s is also
studied in the present work.
2. Numerical simulations
The numerical calculations were performed using the ﬁnite-ele-
ment computational ﬂuid dynamics (CFD) program POLYFLOW.
The equations solved were the conservation of mass and momen-
tum equations for laminar incompressible ﬂow of power-law ﬂuids
(Eq. (1)).
The simulations were performed using channels containing se-
ven consecutive unitary cells (Ciofalo et al., 1996; Mehrabian and
Poulter, 2000; Fernandes et al., 2007), since fully developed ﬂows
were achieved in the ﬁfth or sixth consecutive cell, as in past works
(Ciofalo et al., 1996; Fernandes et al., 2007).
The unitary cell (Fig. 1) developed by Fernandes et al. (2007)
differs from the unitary cell used by Ciofalo et al. (1996) and
Mehrabian and Poulter (2000) since it includes ﬁve contact points
(four in the corners and one in the centre of the cell) instead of fourTable 1
Geometrical properties of the plates
Name b () c
P1 31 0.474
P2 35 0.453
P3 40 0.424
P4 45 0.391
P5 50 0.356
P6 55 0.317
P7 60 0.277(all in the corners). Fernandes et al. (2007) established the referred
unitary cell after observing the periodicity of the ﬂow during the
cooling of stirred yoghurt in half of a chevron-type PHE passage
(Fernandes et al., 2005, 2006; Maia et al., 2007). In both ap-
proaches, the numerical results compared well with experimental
data (Afonso et al., 2003; Wanniarachchi et al., 1995) from the lit-
erature; but the former approach (unitary cells) provides lower
CPU times.
Due to the complexity of the computational domain, an
unstructured mesh constituted by tetrahedral, hexahedral and
pyramidal elements was used (Fernandes et al., 2005, 2006; Fer-
nandes et al., 2007).
For each of the channels, the size of the elements was ﬁxed after
a grid independence test. The grids were successively reﬁned and
the Friction factors obtained with the different meshes were com-
pared, the results being considered independent of the mesh when
a difference bellow 1% was achieved (Fernandes et al., 2007). Table
2 represents an example (b = 45 and n = 1) of this procedure. It can
be observed that the deviation between the f values obtained with
the mesh constituted by 222,428 elements and the thinner mesh is
less then 1%. Thus, the mesh containing 222,428 elements was
used in the numerical calculations.
The f values reported in Table 2 were determined in fully devel-
oped ﬂow for a Newtonian ﬂuid, the Reynolds number being 4.599.
The pressure (obtained using POLYFLOW) at the inlet and outlet
of each of the seven consecutive unitary cells (Fig. 1) allowed the
calculation of the pressure drop in the different cells. Since the val-
ues of u, q, DH and L (px for a unitary cell) are known, the values of f
could be estimated for each cell (Eq. (7)). The values of f reported in
Table 2 were that from the ﬁfth or sixth consecutive unitary cell,
since an asymptotic result (fully developed ﬂow) was reached in
these cells (Ciofalo et al., 1996; Fernandes et al., 2007).
Using the relation fromWanniarachchi et al. (1995) (Eq. (12)) it
is possible to estimate f. For a Reynolds number of 4.599 and
b = 45 it follows that f = 7.7642. This result compares very well
(difference of 2.9%) with the one determined numerically (7.5415).
As already referred, the aim of the present work is to study fully
developed laminar ﬂows of power-law ﬂuids in chevron-type PHEs
passages. Therefore, the pressure drop correlations that will be
presented in Section 4 are applicable to the losses in the passages
alone and exclude the port pressure drop (Kakaç and Liu, 2002) and
the losses related with entry effects. Despite this, these additional
pressure drops can be easily estimated. It will be seen that they are
very low since the Reynolds numbers under analysis are also low
(laminar regime in PHEs).
Plate P4 (see Table 1) represents a plate from a PHE manufac-
turer. The port to port length and the plate width from plate P4
are 719 mm and 334 mm, respectively, the port diameter being
100 mm. For Re = 4.599 and in a PHE passage formed by the re-
ferred plates, the value of the pressure drop including entry effects
is 0.05% higher than that obtained in a fully developed ﬂow. Obvi-
ously, this increase is dependent on the plate length. The increase
would be higher in a plate with a lower length. For instance, for a
plate with half of the length (about 350 mm) of that from plate P4,
that increase would be about 0.1%, but plates with lengths higher
than 4 m (Kakaç and Liu, 2002) can also be found in the industry.
For Re = 4.599, the ratio between the port (with diameter 100Table 2
Grid independence test
Nodal distance (mm) Number of elements Number of nodes f
0.4 299,527 61,991 7.49
0.45 222,428 46,470 7.54
0.5 171,226 36,182 7.62
Fig. 2. Function g(n) for distinct plates. Lines represent Eq. (9) with a given by Eq.
(14).
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drop (including or not including entry effects) is about 3.1  106.
If the referred plates had ports with diameter close to 50 mm, the
ratio between port pressure drop and passage pressure drop would
be close to 5  105.
Detailed information about the boundary conditions used on
the present work can be found elsewhere (Fernandes et al., 2007).
3. Model validation
When validating a CFD work with literature data it is important
to choose models that have been conﬁrmed to be of high quality
(Versteeg and Malalasekera, 1995). Since Ayub (2003) recom-
mends the data (coefﬁcient K) from Kumar (1984) and Wanni-
arachchi et al. (1995), the numerical results of the present work
are compared with the experimental data from the referred works.
In Table 3 the Newtonian numerical results of K obtained in the
present work (b = 31 and 60) are compared with the experimen-
tal data from Kumar (1984) and Wanniarachchi et al. (1995) (Eq.
(12)). For b = 60 the numerical result is located between the data
from the two different sources. For b = 31 it was found a good
agreement between the numerical result and the data from Wan-
niarachchi et al. (1995). Kumar (1984) studied a PHE with b = 30
and found K = 50, this value being close to the numerical value ob-
tained with b = 31. In Table 3 it can also be observed a good agree-
ment between the numerical results and the model (Eq. (14))
proposed by Fernandes et al. (2007).
For the two different values of b presented in Table 3 the max-
imum and average deviation between the numerical data and dif-
ferent data from the literature (Kumar, 1984; Wanniarachchi et al.,
1995) is 8.47% and 5.04%, respectively.
CFD investigations can also be validated by performing compar-
isons with analytical solutions of similar but simpler ﬂows (Ver-
steeg and Malalasekera, 1995). For validation of the numerical
method used in the present work, Fernandes et al. (2007) studied
the laminar ﬂow of Newtonian ﬂuids trough three different chev-
ron-type PHEs with b = 90 (double-sine ducts). The numerical re-
sults of K were close to the analytical solutions from Ding and
Manglik (1996) (maximum difference of 0.21%).
4. Results
For the different plates (see Table 1) and different values of the
ﬂow index behaviour, g(n) was determined as suggested by Del-
place and Leuliet (1995), i.e., by measuring the numerical values
of the pressure drops for imposed ﬂow rates in fully developed
ﬂow (in the ﬁfth or sixth consecutive unitary cell), as described
in Section 2. Resorting to Eqs. (2)–(4), g(n) was calculated as:
gðnÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2n1fqu2nDnH
Kng0
n
s
: ð13Þ
The simulations performed with the Newtonian ﬂuid allowed the
values of K to be determined. It was found that the empirical model
proposed by Rene et al. (1991) (Eq. (9)) describes well the numerical
values of g(n) for the different chevron angle plates (Fig. 2).Table 3
Values of K for different plates
b
()
Numerical Fernandes et al.
(2007)
Kumar
(1984)
Wanniarachchi et al.
(1995)
31 53.78 52.49 – 52.34
60 24.33 25.06 24.00 26.58Plate P1 (b = 31) gave rise to a value of a ﬃ 0.27 while for plate
P7 (b = 60) the value of a was close to 0.08. The value of a found
with plate P1 compares well with the experimental value (0.3) re-
ported by Rene et al. (1991) for a plate (V13) with corrugation an-
gle 30. It is important to note that both plates (V13 and P1) are
from the chevron-type and that Rene et al. (1991) used values of
n (between 0.26 and 1) covered by the range studied in the present
work.
For the different values of b (see Table 1), the geometrical
parameter a can be predicted (R2 = 0.998) by:
a ¼ 0:4731 0:0065b: ð14Þ
For a given PHE passage, numerical and experimental approaches
may give rise to different pressure drop values, obtained for a cer-
tain power-law ﬂuid and operating conditions. Using Eqs. (13),
(9), and (7) the ratio between experimental, DPexp, and numerical,
DPnum, pressure drop is given by:
DPexp
DPnum
¼ Kexp
Knum
 n
nanumaexp ð15Þ
As mentioned above, for a V13 plate (Rene et al., 1991), aexp = 0.3.
The chevron-type V13 plates (c = 0.5512 and b = 30) from Société
VICARB (Leuliet et al., 1990; Rene et al., 1991) were used by this
group in many experimental studies (Rene et al., 1991; Leuliet et
al., 1989, 1990, 1993; Leuliet and Maigonnat,1992), Kexp being equal
to 58.84 (Rene et al., 1991). The value Knum = 55.88 can be estimated
using Eq. (10) (obtained through numerical calculations) and the re-
ferred values of c and b. For b = 30 Eq. (14) predicts anum = 0.2781,
it being assumed that this value applies to a passage formed by V13
plates.
In the work from Rene et al. (1991) n varied between 0.26 and 1,
the experimental value aexp = 0.3 being obtained using aqueous
solutions of guar-gum, carboxymethylcellulose, sucrose and water.
For a V13 PHE passage, the ratio (Eq. (15)) between the experimen-
tal pressure drop (Rene et al., 1991) and numerical pressure drop
(estimated in the present work) reaches a maximum of 1.0529
for n = 1 when the value anum = 0.2781 is used. Using anum = 0.2716
(b = 31 in Eq. (14)) the referred ratio reaches a maximum of
1.0530 for n = 0.26.
The PHE used by Rene et al. (1991) had a series arrangement
and the V13 plates had width, length and port diameters of
204 mm, 636 mm and around 60 mm, respectively, and the inter-
plates distance being 3.5 mm (Rene et al., 1991; Leuliet et al.,
1990). As already shown (see Section 2), for plates with these
Table 4
Average values of K and standard deviation
b () K-average value Standard deviation
31 53.99 0.73
35 46.99 0.44
40 40.35 0.26
45 35.28 0.13
50 30.78 0.07
55 27.43 0.03
60 24.31 0.11
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drop related with entry effects are negligible.
In Fig. 2 it is possible to observe that the relation between g(n)
and 1/n is not of the linear type (Eq. (8)) in the entire range of n.
Manglik and Ding (1997) studied the ﬂow of power-law ﬂuids in
chevron-type PHEs with b = 90 (double-sine ducts) and concluded
that due to the presence of sharp corners, the methodology
developed by Kozicki et al. (1966) provided a reasonable agree-
ment with their numerical data in a moderate region of n
(0.6 6 n 6 1.5). It was not unexpected that the same could happen
with the geometries studied in the present work since they also in-
clude sharp corners (planes A, C and E in Fig. 3). In addition, the
present geometries have severe contractions and expansions, the
ﬂow being tortuous (Fernandes et al., 2007). This is a major differ-
ence between the ﬂows studied by Kozicki et al. (1966) and the
present ones.
By including Eq. (14) in Eq. (9) it was possible to establish a sin-
gle friction curve (Eq. (3)) for each of the seven corrugation angles,
for both Newtonian and non-Newtonian ﬂuids (Fig. 4). For the sake
of clarity of Fig. 4, the results with n = 0.33, 0.67, 0.88 and 0.95 are
not included.
For each b, the average value of K was calculated (Table 4). This
average was determined using the results of K obtained for the dif-
ferent values of n (0.25, 0.33, 0.5, 0.67, 0.88, 0.95 and 1). It may be
seen that for each corrugation angle the standard deviation is very
low.
Eq. (10) (obtained using numerical data) or Eq. (12) (a experi-
mental relation) can be used in order to ﬁnd the proper value of
K for each single friction curve but Eq. (10) describes better the
present results of K, obtained with the distinct values of n (maxi-
mum and average difference of 5% and 1.9%, respectively), when
compared with Eq. (12) (maximum and average difference of 9%Fig. 3. Velocity distribution in x plans for plate P1 and u = 1.64  103 ms1.
Fig. 4. Constant K for different values of ﬂow index behaviour. (- - -) Eq. (10) and (—)
Eq. (12).and 3.5%, respectively). The difference of 9% was found for
b = 60 (Fig. 4). As already shown (Table 3), for this angle the pres-Fig. 5. Ratio ui/u for distinct values of ﬂow index behaviour and different plates. (a)
P1, (b) P4 and (c) P7.
446 C.S. Fernandes et al. / Journal of Food Engineering 89 (2008) 441–447ent K numerical results (and Eq. (10)) are in better agreement with
the experimental value, K = 24, from Kumar (1984).
The behaviour of local interstitial velocities, ui, in fully devel-
oped ﬂow (in the ﬁfth or sixth consecutive unitary cell) were ana-
lysed – in the main ﬂow direction – for the different values of
corrugation angle and ﬂow index behaviour (Fig. 5). In order to
do it, it was deﬁned a normalized length x* = (x/px  cell num-
ber  1), x* being equal to zero and one at the inlet and outlet of
the studied unitary cell (cell number = 5 or 6), respectively. In
Fig. 5 it is possible to detect the tortuous character of the ﬂow in
PHEs passages (Fernandes et al., 2007) since the local interstitial
velocity is higher than the average velocity u.
For all values of b, the interstitial velocity shows the lowest val-
ues at the inlet (x* = 0), plane including the contact point in the
centre of the unitary cell (x* = 0.5) and outlet (x* = 1), i.e., plans A,
C and E in Fig. 3 (b = 31), since these plans present large cross-sec-
tional areas. The maximum values of ui are reached – for all values
of b – at x* = 0.25 and 0.75, i.e., plans B and D in Fig. 3 (b = 31). In
Fig. 5 it is also possible to observe that for each corrugation angle
the local interstitial velocities increase with increasing n. This ef-
fect is attenuated with the increase of b ( Fig. 5a–c) and for
b = 60 the ui curves – for the different values of n – are essentially
overlapped (Fig. 5c).
The study of local interstitial velocities allows the tortuosity
coefﬁcient deﬁned (Fernandes et al., 2007) by the ratio between
the average interstitial velocity and u, to be estimated. The tortuos-Fig. 7. Tortuosity coefﬁcient in different channels. (1) P1, (2) P2, (3) P3, (4) P4, (5)
P5, (6) P6 and (7) P7.
Fig. 6. Tortuosity coefﬁcient for n = 1. (s) Numerical values and (–) model from
Fernandes et al. (2007).ity coefﬁcients are used by PHEs manufactures (Charre et al., 2002)
to estimate friction factors and convective heat transfer
coefﬁcients.
For n = 1, the values of s are well described by the model from
Fernandes et al. (2007) (Fig. 6). As expected (Fig. 5), the values of
the tortuosity coefﬁcient decrease with the decrease of n (Fig. 7),
this variation being more pronounced for low corrugation angles.
This dependence between s and n was also found by Balhoff and
Thompson (2006) in studies devoted to the ﬂow of power-law ﬂu-
ids through granular beds.
Friction factors of shear-thinning ﬂuids are lower than those
from Newtonian ﬂuids. The tortuosity coefﬁcient is included in
the proposed single friction curves for both Newtonian and non-
Newtonian ﬂuids (Eqs. (3) and (10)), this tortuosity coefﬁcient
being that from the Newtonian ﬂows (Fig. 6). Hence, the variation
of this coefﬁcient with n is also (besides the shear-thinning effect)
incorporated in the developed generalised Reynolds number.
5. Conclusions
Using CFD techniques it was possible to propose single friction
curves for the fully developed laminar ﬂow of Newtonian and var-
ious shear-thinning ﬂuids through cross-corrugated chevron-type
PHEs. The PHEs had different corrugation angles and the area
enlargement assumed a value commonly used in the industry.
Due to the geometrical complexity of the cross-corrugated
chevron-type PHEs passages, the velocity proﬁles and, therefore,
the shear rate behaviour are also complex. Hence, it is difﬁcult to
predict the apparent viscosity observed during the ﬂow of shear-
thinning ﬂuids in this type of equipments and, consequently, the
fRe correlations including this viscosity are of limited utility. This
limitation can be solved by using a generalised viscosity. The latter
approach was used in the current investigation, the proposed fReg
correlations being most useful to the practical area.
It was shown that the ﬂow index behaviour inﬂuences the
velocity proﬁles and the magnitude of the average interstitial
velocity. As a result of this effect, for each corrugation angle, the
tortuosity coefﬁcient decreases with the decrease of the referred
index.
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